SUMMARY
INTRODUCTION

8
To examine product-precursor relationships between lipid-linked intermediates and the insoluble residue, [ 
Labeling of the Arabinan Component of AG with P[
14 C]RPP--The basic reaction mixture contained 3.3 µM P[ 14 C ]RPP (ca. 600,000 dpm,), 60 µM UDP-GlcNAc, 20 µM dTDP-Rha, 60 µM UDP-Galp preincubated with UDP-Galp mutase (as described above), 100 µM ATP, enzyme (2 mg protein), and buffer A in a total volume of 320 µl. Reaction mixtures were incubated at 37 °C for 2 h, and fractionation of the reaction products was conducted as described above for [
Chalaropsis muramidase in 250 µl of 10 mM sodium acetate (pH 5.0), 500 units/ml of lysozyme in 10 mM Tris-HCl buffer (pH 7.5) or Proteinase K at 37°C overnight. Aliquots of radiolabeled materials solubilized by these treatments were subjected to liquid scintillation counting and sugar analysis.
Analytical Procedures-In order to facilitate size exclusion chromatography of the polyprenyl -P linked polymers, the CHCl 3 /CH 3 OH/H 2 O (10:10:3)-soluble, E-soak-soluble and
Chalaropsis muramidase-solublized materials were hydrolyzed in mild acid as follows to selectively cleave the prenyl phosphate. Samples were suspended in 50 µl of 1-propanol by bath sonication, followed by 100 µ l of 0.02 N HCl, and the resulting mixture was incubated for 30 min at 60°C (18, 19). After neutralization with 10 µl of 0.2 N NaOH, the released water-soluble products were applied to a Biogel P-100 column (1 x 118 cm), equilibrated, and eluted with 100 mM ammonium acetate (pH 7.0). SDS-PAGE analysis of enzymatically radiolabelled products was done using Novex 10-20% Tricine gels (Invitrogen, Carlsbad, CA) under conditions recommended by the manufacturer. After electrophoresis, samples were blotted to nitrocellulose membranes, which were dried at room temperature, and subjected to autoradiography. 
RESULTS
Synthesis of Polyprenyl-P-Linked
Intermediates --We previously established a cell-free assay system using membranes from M. smegmatis for the synthesis of the simple Pol-P-P-GlcNAc, Pol-P-P-GlcNAc-Rha, and Pol-P-P-GlcNAc-Rha-(Galf) [1] [2] [3] [4] intermediates in AG biosynthesis (4) . The evidence for the nature of these products was based on lipid solubility, susceptibility to mild acid hydrolysis, the presence of the appropriate radiolabelled sugar, and pulse-chase experiments (5) . These experiments led to the identification of one of the galactosyltransferases involved in galactan synthesis, a bifunctional enzyme capable of adding the majority of the alternating 5-and 6-linked Galf units (5, 6) . In the present study, we modified this cell-free system in order to demonstrate the sequential synthesis of the simpler glycolipid intermediates, followed by polyprenyl-P-P-linked galactan and arabinan intermediates, and in vitro ligation of these lipid-linked arabinogalactan intermediates to PG.
The cell wall-membrane fraction of M. smegmatis, the source of endogenous glycosyltransferases and polyprenyl -P, was supplemented with UDP-GlcNAc, dTDP-Rha, the precursors of LU, and UDP-[ 14 (5) as polyprenyl-P-P-GlcNAc-Rha-Galf, polyprenyl -P-P-GlcNAc-Rha-(Galf) 2 , and polyprenyl-P-P-GlcNAc-Rha-(Galf) 3, 4 (a mixture of tri-Galf and tetra-Galf-containing glycolipid intermediates) (Fig. 1 Table 1 ), suggesting that the polyprenyl -P-P-GlcNAc-Rha-(Gal) 1-4 and the polyprenyl -P-P-GlcNAc-Rha-AG intermediates in these extracts were precursors of the mature PG-bound AG. However, the increase in insoluble material is not fully matched by a concomitant decrease in the other fractions. There is a substantial loss of radioactivity from Previously we had demonstrated tha t a mixture of Pol-P-P-[ materials with purified Chalaropsis muramidase using a BioGel P-100 column ( Fig. 7) showed that the radioactive material was larger than the polymers released from lipid-linked polymer intermediates of AG extracted by the various solvents (Fig. 2) . Taken together, these results strongly suggest that the newly synthesized [ 
DISCUSSION
Synthesis of AG begins with the linkage unit, in a manner analogous to that of the cell wall teichoic acids of Gram-positive bacteria (21) . GlcNAc-1-P is transferred to Pol-P from UDP-GlcNAc catalyzed by an as yet unidentified GlcNAc-1-P phosphotransferase; the closest homolog of wecA (formerly rfe) is Rv1302 (Fig. 8) (4, 5) . This event is sequentially followed by the addition of Rha donated by dTDP-Rha, which is catalyzed by the rhamnosyl transferase Wbbl (Rv3265c) (22) to PG by formation of a phosphodiester bond between the reducing GalNAc terminus of the teichuronic acid and the 6-hydroxyl groups of muramic acid residues in the glycan chain of PG; a linkage unit was not involved in contrast to that found for teichoic acids; concomitant synthesis of both polymers was apparently necessary (30) .
In general, the criterion for ligation of Gram positive cell wall anionic polymers to peptidoglycan was insolubility in 4% boiling SDS (27) (28) (29) (30) . However, this treatment precludes the subsequent use of muramidase, susceptibility to which is clearly diagnostic for ligation of a target polymer to PG. Therefore, in the present work extraction with refluxing 60% methanol containing 0.1% ammonium hydroxide was introduced, this treatment appeared to be more stringent than SDS extraction in that 60% more radioactivity was solubilized. It should be noted that Proteinase K treatment liberated compounds containing both [ It should be noted that mycolic acids were removed at the first step in analysis of the final residue from the M. smegmatis incubations in order to facilitate effective digestion with and Chalaropsis muramidase was done as described in "Experimental Procedures." Fig. 7 . Gel filtration profile of radiolabeled material solublized by Chalaropsis muramidase. Aliquots (6000 dpm) of radiolabeled material solublized by Chalaropsis muramidase after removing mycolic acids and treatment with Proteinase K were made up to 600 µl with 100 mM ammonium acetate (pH 7.0), applied to a Biogel P-100 column and eluted with 100 mM ammonium acetate (pH 7.0). Fractions of 1 ml were collected and counted.
Mild acid hydrolysis of the radiolabeled material prior to gel filtration did not change the elution profile. Polyprenyl-P-P-GlcNAc-Rha-Galf Polyprenyl-P-P-GlcNAc-Rha-Galf 2 Polyprenyl-P-P-GlcNAc-Rha-Galf 3 1 2
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Polyprenyl-P-P-GlcNAc-Rha-Galf Polyprenyl-P-P-GlcNAc-Rha-Galf 2 Polyprenyl-P-P-GlcNAc-Rha-Galf 3 Polyprenyl-P Polyprenyl-P-P-GlcNAc
Polyprenyl-P-P-GlcNAc-Rha
Polyprenyl-P-P-GlcNAc-Rha-Galf (x)
Polyprenyl-P-P-GlcNAc-Rha-Galf (x) -Araf (y)
Peptidoglycan-P-GlcNAc-Rha-Galf (x) -Araf (y) 
